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Executive Summary

Air Traffic Control Specialists (ATCSs) work in a dynamic, visually challenging environment
that constantly demands their attention. They must monitor, process information, and make
decisions under conditions where taskload varies across a range of their capabilities. Engineering
Research Psychologists in the National Airspace System Human Factors Branch at the Federal
Aviation Administration William J Hughes Technical Center used real time person-in-the-loop
simulation to study these issues. They evaluated actual controller performance under two levels
of task load. They also evaluated the impact of visual noise in the form of overflights to see if it
influenced workload and performance. This was a concept research effort to see if these
variables interacted to influence human performance and controllers’ use of the visual
information displayed for them.

Twelve volunteer Full Performance Level ATCSs from a Terminal Radar Approach Control
(TRACON) facility participated in the study. The ATCSs worked simulated traffic under
relatively low (6 aircraft for each 15 minutes) and relatively high (12 aircraft for each 15
minutes) conditions. Overflights provided scenarios with the effect of visual noise with two
levels of traffic. In addition, six scenarios contained incursions into Class C airspace.

The results of a study like this are complex and involve multiple variables. Each variable has a
unique meaning in the overall pattern. Some findings can be predicted based on past research
and some could not. For example, the over-the-shoulder observer estimated that controller
performance declined under conditions of higher task load. The objective measures of
performance in fact showed that controller performance did not decrease.

The participating ATCSs also felt that they worked harder but the quality of control was lower
during the high traffic load scenarios. This is a typical finding in simulation studies and could be
predicted. The self-reported Situation Awareness measures decreased under high traffic load.
Generally, ATCSs were willing to indicate perceived increases in workload, which increased
with higher traffic loads.

Visual noise or overflights in the TRACON environment had a complex impact on controller
perceptions depending on the task demand under which they were working. If they were already
busy with traffic of their own, visual noise had little impact and may have even reduced '
controllers perceived workload. However, during slower times in their own airspace, the fact
that they could see that someone else was using the area that they were scanning added to their
perceived workload. This suggests the advantage of filters at least on an optional basis, where
appropriate. ‘

Some of the most interesting findings in this study came from the visual scanning data collected
with an eye tracker, referred to as an oculometer. This device tracks the movement of the
controller’s right eye as it scans displays for information. The system also determines where on
the dynamic display the controller is actually looking. Visual scanning data included information
about eye movement pauses or fixations, eye jumps or saccades, blinks, and pupil diameter. The
human visual system can only acquire detailed information during fixations.
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Controllers spent most of their time fixating on aircraft targets and data blocks. Fixation time
increased significantly when high altitude overflights were present. With an increase in traffic
load, the number of fixations on the radarscope decreased, but the number of fixations on the
keyboard increased. This suggests that controllers were spending more time updating data using
the keyboard and less time looking at the radarscope. The high altitude overflights seemed to
further divert the ATCSs’ attention. Fixations on aircraft representations on the radarscope

lasted longer than fixations on any other item. These results suggest that ATCSs performed more
mental processing when looking at the radarscope and aircraft representations in particular than
when looking at any other object. Controllers developed patterns of visually scanning the radar
display. These patterns became more structured as the traffic situation developed. ATCSs did
not change these patterns with the advent of aircraft intrusions into the airspace. This may
explain in part why they noticed these unscheduled targets late or not at all. In the interests of
airspace safety, it is not enough to display intrusive targets. Their presence must be emphasized
in a way to draw the controller’s attention away from his/her established scanning pattern so that
he/she can amend plans and avoid potential conflicts.

This research provides greater understanding of how ATCSs use current information displays.
The research method has potential for increasing future ATCS efficiency through improved
display technology or new training techniques.



1. Introduction

The Federal Aviation Administration (FAA) started a controller information scanning program in
1989 to help understand and reduce errors (Stein, 1989). With applications to Air Traffic
Control (ATC) training, error analysis, and equipment design evaluation, the identification of Air
Traffic Control Specialists’ (ATCSs’) visual scanning patterns and quantification of these
patterns are necessary. Presently, no objective measures of visual scanning exist to support this -

program.

This was the second in a series of visual scanning studies of ATCSs conducted at the FAA
William J. Hughes Technical Center Research Development & Human Factors Laboratory
(RDHFL) at Atlantic City International Airport, New Jersey. The first study (Stein, 1992)
addressed the effect of changes in traffic density on visual scanning. With the technology at the
time, the experimenters could not synchronize the visual scanning patterns with air traffic events.
This RDHFL study was the first to use head-mounted oculometry synchronized with a dynamic

“Air Traffic Simulator.

This exploratory project forms the basis for analyses on visual, performance, and questionnaire
data. The project compared behavior and performance of ATCSs across experimental
conditions.

1.1 Background

In 1995, the National Aeronautics and Space Administration (NASA), the Department of
Defense, and the FAA published the National Plan for Civil Aviation Human Factors. The
purpose of this plan was to enhance aviation safety and improve the efficiency of operations. It
identified research areas and emphasized the transfer of research findings to planned and ongoing
programs. One of the key issues of the plan was to quantify the effect that new products or
procedures have on system and human performance. The plan consists of five areas: Human-
Centered Automation, Selection and Training, Human Performance Assessment, Information and
Management and Display, and Bioaeronautics. Except for Bioaeronautics, each of these areas
states specific research areas that require a national focus. Visual scanning related measures
have a potential application across most of these research areas.

The duties of an ATCS involve scanning, projecting, planning, and execution. A radar display
and flight progress strips provide visual data, whereas radio and telephone communication
systems provide auditory data. The cognitive requirements of ATC involve the processing of
dynamically changing information (Kirchner & Laurig, 1971; Means et al., 1988). The ATCS
develops an underlying mental model of the ATC situation. This model allows the ATCS to
switch attention between the various data sources (Guttman, Stein, & Gromelski, 1995; Mogford,
Murphy, Roske-Hofstrand, Yastrop, & Guttman, 1994;). In this study, human factor specialists
conducted simulations in real time and collected data on visual scanning, performance, and

mental workload.

Researchers have used workload and performance measures extensively to test design
alternatives in the ATC environment. In an early visual attention study, Karsten, Goldberg,




Rood, and Sultzer (1975) found that ATCSs spend approximately 80% of their time looking at
the radar display, 13% looking at flight strips, and 5% looking at input devices. Their equipment
was primitive by current standards. With the advancement of technology and recent
enhancements in software and hardware, the RDHFL now simulates the ATC environment with a
much higher degree of fidelity. »

-1.1.1 Literature Related to Visual Scanning

The amount of sensory information available to a human being at any one point in time is
1,000,000,000 bits per second at the human sensory level (Grandjean, 1993). This information,
although highly filtered before reaching conscious awareness, is still of critical importance to the
performance of everyday activities. The most relied upon sensory information comes from the
visual system having approximately 90% of a person’s daily activities under its guidance.

The visual system provides information about the ATC environment necessary to anticipate
changes and to react appropriately. When looking at an object, the eyes move rapidly from one
point of interest to another. These fast jumps, called saccades, are ballistic movements that, once
started, will continue until they reach their target destination (Carpenter, 1977). During a
saccade, the visual system obtains little visual information other than the detection of movement.
Most of the time, humans look at objects without moving their eyes. During these stationary
periods between saccades, called fixations, humans register most visual information. In a 30-
minute scenario, ATCSs have roughly 3600 fixations with an average duration of approximately
500 ms (Stein, 1992).

A fixation is a four-part process. First, the visual system stores an image in short-term visual
memory. Second, the visual system encodes the raw image and stores the codes in working
memory. In the third stage, further mental processing takes place and, in the fourth stage, the
visual system prepares for the next saccade. The preparation time for the next saccade increases
with an increase in the magnitude of the future saccade (Kapoula, 1983). Kapoula showed that
the proximity of previous fixations influenced fixation duration on subsequent points of interest.

Like most human neuromotor control systems, the oculomotor system uses open and closed loop
control, depending on the situation. In closed loop control, information acquired during a
fixation directs the subsequent saccade (Kapoula, 1983; Rayner & Pollatsek, 1981; Vaughn,
1982). The visual system uses closed-loop control in active information searching during
situations with potential points of interest in close proximity. In open-loop control, information
processing independent of the current visual information in the visual field determines the next
saccade (Ellis, 1986). An open-loop system scans the visual field in the periphery for potential
points of interest. Higher level cognitive processes determine the target of the next saccade in
open-loop control.

Experienced participants tend to scan for pertinent information in a stratified random manner
(Card, 1983; Engle, 1977; Groner & Groner, 1982; Inditsky & Bodmann, 1980; Kraiss & A
Knauper, 1983; Krendel & Wodinsky, 1960; Senders, 1966; Weir & Klein, 1970; Wewerinke,
1981). A structured model gives priority to objects or groups that need more attention while
updating the total picture of the process under control. Less experienced participants do not have




a well-structured model available in long term memory and tend to follow events that can lead
them astray. An example is tunneling, when an ATCS loses the overall picture and focuses on a
single problem only. o '

1.1.2 Literature Related to Workload

Studies aimed at improving the safety of air traffic often include ATCSs’ performance and
workload. Researchers have developed a variety of assessment techniques to evaluate workload.
Subjective techniques have dominated this research area because of the ease of administration,
low cost, and lack of obtrusiveness. The variety of available measures indicates a lack of
consensus among researchers and presents an obstacle when attempting to generalize and
integrate research findings. The NASA Task Load Index (TLX) (Hart & Staveland, 1988) and
the Subjective Workload Assessment Technique (SWAT) (Reid & Nygren, 1988) serve a wide
variety of research needs. The TLX and the SWAT assess mental workload at the end of the
scenario or experiment and break down mental workload into several components. Other
subjective mental workload assessment techniques follow a more holistic approach. The Air
Traffic Workload Input Technique (ATWIT) (Stein, 1985), derived from earlier work by Stein
and Rosenberg (1983), uses a single 10-point scale to assess perceived workload. The ATWIT
collects assessments of perceived workload during the scenario. An experiment should
incorporate both objective and subjective measures to fully assess workload.

When reaching working memory limits, mental workload increases and performance decreases.
Performance shows an inverted U-shaped dependency on workload with poor performance
occurring at extremely low and high mental workload levels. Optimal performance will often -
occur between these two extremes (Tole, Stephens, Harris, & Ephrath, 1982).

1.2 Purpose

The study explored the eye movement characteristics of Terminal Radar Approach Control
(TRACON) Full Performance Level (FPL) ATCSs under different levels of task load, with and
without overflying aircraft (visual noise), and with and without aircraft intrusions. It answered
seven research questions that addressed visual scanning, subjective ratings, over-the-shoulder
(OTS) ratings, questionnaire scotes, and performance scores.

Depending on the scenario, the ATCS encountered airspace intrusions, different task loads, and
en route aircraft primary radar returns. Researchers determined if changes in experimental
conditions altered performance and behavior. The questions related to these changes are as

follows:
~a Do .eye movement characteristics of ATCSs differ across experimental conditions?

b. Do subjective mental workload estimates (ATWIT) differ across experimental
conditions?

c. Do OTS ratings differ across scenarios?
d. Do responses to Post-Scenario Questionnaires differ across scenarios?

e. Do performance scores differ across experimental conditions?
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f. Do eye movement characteristics differ depending on Visual Flight Rules (VFR)
intrusion presence?

g Do eye movement characteristics differ depending on Instrument Flight Rules (IFR)
intrusion presence?

1.3 Scope

This study compared visual scanning behavior, sysfem activity, ATCS performance, workload,
and pilot-ATCS interactions under conditions that differed in traffic load, presence of visual
noise, and aircraft intrusion in Class C terminal airspace.

2. Method

2.1 Participants

Twelve active FPL ATCSs from a TRACON facility participated in the study. The participants
actively controlled traffic for at least 16 hours in the month preceding the experiment. The
ATCSs gave their verbal informed consent to participate in the experiment. The research team
ensured them that their data were completely confidential. Participants had visual acuity not less
than 20/30 corrected. ATCSs could wear corrective lenses and soft contact lenses. The
oculometer design limitations excluded bifocals, trifocals, or hard contact lenses.

2.2 Facility

The experiment took place in three areas of the RDHFL: Experiment Room Four (ER4),
Experiment Observation Room Two (EOS2), and Experiment Room 2 (ER2). ER4 contains a
high fidelity, state-of-the-art ATC simulator run by ATCoach (1992) simulation software. This
station can mimic up to an ARTS IIIA radar system and consists of a 22-inch, high-resolution
(2000 x 2000 pixels) color radar display, a three-button trackball, and an ARTS IITA keyboard.
The system operated in networked mode linked to the ER2 that contained the simulation pilot
workstations. ER4 and EOS2 contained video cameras and recorders synchronized with
ATCoach, the ATWIT panels, and UNIX network hardware. The simulation workstation
included a flight strip bay with time-ordered flight progress strips. The staff modeled the
TRACON and interfaced ATCoach with an Applied Science Laboratories. (ASL) oculometer.
The oculometer consists of an eye/head tracking system that recorded the point of gaze (POG)
and pupil diameter of a person by using near infrared reflection outlines from the pupil and
cornea. For a detailed description of the equipment used in the simulation, see Appendix A.

2.2.1 Support Pefsonnel

The study employed three simulation pilots. To allow rotation, researchers trained nine
simulation pilots using procedures from past experiments with additional procedures for VFR
aircraft. One simulation pilot read back clearances. A second simulation pilot keyed in entries
sent to the computer that updated the movement of the displayed aircraft. The third simulation

- pilot manually recorded simulation commands corresponding to clearances. The training of the




simulation pilots lasted 3 weeks. Training included procedures related to simulation pilots’®
commands and familiarization of simulation equipment. The simulation pilots trained at every
position.

A research team composed of a research psychologist, a human factors engineer, and a subject
matter expert (SME) conducted the simulations. The team created the scenarios, conducted the
OTS ratings and the experiments, performed the data analyses, and wrote the final technical
report. RDHFL support engineers ensured that the hardware and software functioned properly.

2.3 Operation

During the simulations, a personal computer recorded the eye movements. The simulator
software recorded aircraft activities. Off-line software programs integrated the POG data and the
data provided by the simulator. Programs developed by RDHFL software engineers reduced the
eye movement data and calculated fixation, saccade, blink, and pupil characteristics. For each
fixation, the software determined the radarscope objects (aircraft, airports, fixes, etc.) within a 2-
inch radius from the center of a fixation.

2.4 Design

The objective of this study was to compare visual scan patterns of ATCSs during high and low
task load, presence and absence of visual noise, and presence and absence of VFR or [FR
intrusions. The design was a 2 x 2 (task load x overflight) repeated measures full factorial -
design. Task load had two levels, low (6 aircraft per 15 minutes) and high (12 aircraft per 15
minutes), and there were scenarios with and without overflights. :

2.4.1 Independent Variables

The independent variables (IVs) were visual noise, task load, and intrusions. Visual noise and
task load differed between scenarios, whereas intrusion type changed within scenarios over time.
Each scenario consisted of simulated air traffic of the TRACON modeled in ATCoach for

previous experiments (Guttman et al., 1995)

The experiment included scenarios with and without visual noise. In the visual noise condition,
researchers modeled overflying aircraft into the scenario as visual noise using primary radar
returns. In the no visual noise condition, there were no overflights. Flight strips from an Air
Route Traffic Control Center (ARTCC) formed the basis for the calculation of the number of
aircraft and the traffic composition of all overflights.

The research team varied traffic volume and traffic frequency across scenarios. The low task
load condition had an average of 6 aircraft entering the airspace per 15 minutes with 6 aircraft
visible on the radar screen at any given time. The high task load condition had an average of 12
aircraft per 15 minutes with 12 aircraft visible on the radar screen at any given time. The actual
scenario composition varied depending on how the ATCS worked the airspace.




The simulations included intrusions as aircraft making an unscheduled entry into Class C
airspace. The intrusions included both aircraft under VFR or IFR with special care given to
prevent the ATCS from anticipating the onset of an intrusion. The levels of the intrusion IVs
were no intrusion (baseline), VFR intrusion, or IFR intrusion.

The research team created eight scenarios reflecting the levels of the IVs [overflights (yes, no),
task load (low, high), and intrusion type (IFR, VFR)]. For a detailed description of the
experimental and practice scenarios, see Appendix B. The TRACON used in these scenarios
consisted of two sectors (north and south), worked by a single ATCS. To keep the scenarios
realistic, they, at most, included two intrusions. IFR intrusions only occurred under the
overflight condition.

2.4.2 Dependent Variables

Researchers averaged the following sets of dependent variables (DVs) over 5-minute intervals:

a. Subjective Workload Assessment. The ATWIT device (Stein, 1985) assessed the
workload of the ATCS. The ATWIT measure is a workload estimate based on a scale
from 1 (very low or no workload) to 10 (extremely high workload). The ATCS,
prompted by a low tone, made a workload rating every 5 minutes. Each participant made
9 ATWIT ratings in a 45-minute scenario allowing calculation of the mean and maximum
rating for each scenario.

b. Questionnaires. The experimenters used three types of self-report questionnaires adapted
from previous experiments. The questionnaires (see Appendix C) included an Entry
Questionnaire, Post-Scenario Questionnaire, and Exit Questionnaire (Abbott, Nataupsky,
& Steinmetz, 1987; Guttman et al., 1995; Sollenberger & Stein, 1995; Stein, 1992). The
Entry Questionnaire contained questions concerning demographic information. The Post-
Scenario Questionnaire contained questions about various aspects of controlling traffic
during a scenario. The Exit Questionnaire provided feedback about the experiment.

c. Over-the-Shoulder Ratings. The research team rated the performance of the ATCSs for
each scenario. They used a form that captures a wide range of ATC-related performance
issues (adapted from Guttman et al., 1995). (See Appendix D.)

d. Performance. The automated data reduction module developed at the RDHFL provided
performance data broken down by conflicts, complexity, error, communications, and task
load (Algeo and Pomykacz (1996). Further analysis used a subset of these performance
variables (see Appendix E). '

e. Visual Scanning. The oculometer data formed the basis for the variables related to visual
scanning. For each scenario and 5-minute interval, the research team calculated the '
variables in Appendix F, Table F-2. Visual scanning targets were radarscope, keyboard
area, ATWIT device, flight strip bay, aircraft, static objects, departure list, system
settings, preview area, and Conflict Alert/Low Altitude (CA/LA) area. See Appendix F
for a more detailed description and information about the computation of the visual
scanning DVs.




2.5 Procedure

Twelve FPL ATCSs participated in the experiment during the workweek. The morning of their
first day consisted of a briefing and a familiarization period. The research team explained the
experiment, the oculometer, differences between ATCoach and their own equipment, and the
confidentiality of ATCSs’ identity. They provided an informed consent briefing, and participants
gave a verbal commitment to the experiment and their understanding of informed consent
doctrine. The ATCSs then completed an Entry Questionnaire that included demographic
questions about age, experience level, and need for corrective glasses. Researchers assigned the
participants to an experimental condition.

After receiving instructions about the Letter of Agreement (LOA) and the Standard Operating
Procedures (SOPs), the ATCSs familiarized themselves with the laboratory equipment. The
laboratory equipment included the 2K display and the simulation configuration of the sector.
Then, the ATCSs completed a 20-minute familiarization scenario with the oculometer. After a
break, the first of three scenarios was run. Each experimental run consisted of setup and
calibration of the oculometer, a simulation run, and a Post-Scenario Questionnaire. After the
initial scenario, there was a break for lunch after which the ATCSs worked two scenarios with a
30-minute break between each scenario. The second day consisted of a brief simulation review
followed by two scenarios in the morning and three scenarios in the afternoon. Finally, the
participants filled out an Exit Questionnaire. Appendix G presents a detailed schedule of
activities.

2.5.1 Data Reduction

2.5.1.1 Questionnaires

Researchers administered the Entry, Post-Scenario, and Exit Questionnaires in paper and pencil
format and transcribed the responses into a spreadsheet. Researchers created a data set for each

questionnaire.

2.5.1.2 Over-the-Shoulder Ratings

Researchers entered the ratings from the OTS questionnaires into a spreadsheet. The data set
consisted of SME ratings of each ATCS for all eight scenarios.

2.5.1.3 Visual Scanning Data

The oculometer recorded eye movements in terms of horizontal and vertical positions. The
Magnetic Head Tracker (MHT) provided position and orientation of the head in six degrees of
freedom. The software integrated the eye and head movement data to determine the POG. The
oculometer identifies the plane at which the ATCS looked and records the coordinates relative to
that plane. The sampling rate of the oculometer and the MHT was 60 samples per second.
Experimenters reduced the raw data and expressed it as fixations, saccades, and blinks. Fixation
characteristics included time of onset, duration, the plane being looked at, the area covered by
small eye movements within the fixations, and the coordinates relative to the plane. Appendix H
contains a description of the output after this first stage of data reduction. Saccade characteristics
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include information on the magnitude of the saccade and the average velocity during the saccade.
Researchers summarized 2 number of variables derived from the fixation and saccade data per
scenario and 5-minute interval. The first data set contained 8 x 12 (scenarios x ATCSs) records
of the visual scanning summary variables per scenario. The records contained ATCS and
experimental condition identifications at the scenario level. The second set contained 8 x 12 x 9
(scenarios x ATCSs x intervals) records of the visual scanning summary variables per 5-minute
interval.

The research team integrated the eye movement data with simulator information about static
objects (airports, VHF Omni-directional ranges (VORs), fixes, intersections, and the system area)
and dynamic objects (aircraft and the preview area). Appendix I, Figure I-1 displays a snapshot
at 20 minutes into a high task load scenario with visual noise present. Appendix I, Figure I-2,
presents the integrated data of the simulator and the oculometer for a similar scenario.

Figures I-3 and I-4 show the advantage of collecting object-related fixation information. Figure
I-3 shows the fixations of one participant for a 45-minute low task load scenario without visual
noise. Although one sees an increased density of the number of fixations along the runways
(shown in Figure I-3), no information is available about how this relates to the fixation
distribution across aircraft. Superimposing the flight paths of the 20 aircraft in the scenario did
not relate fixation information to aircraft movements. Identifying a target aircraft (e.g.,
BTA3721) clearly shows that the ATCS follows that aircraft throughout the airspace (Figure I-4).

2.5.1.4 Performance Variables and ATWIT

The Data Reduction & Analysis (DR&A) module processed raw data files produced by
ATCoach, ATWIT, and the communications system. The DR&A module produced summary,
interval, and error files for each scenario. The interval and summary files formed two separate
data sets. The first data set contained 12 x 8 (ATCSs x scenarios) records that included the .
summary variables calculated per scenario. The second data set with 12 x 8 x 9 (ATCSs x
scenarios x intervals) records contained the summary variables calculated per 5-minute interval.

2.5.2 Data Analysis

This section briefly describes the data analysis for DV data sets (ATWIT, questionnaires, OTS
rating form, visual scanning, and performance). The statistical methods used for the analysis
include Multivariate Analysis of Variance (MANOVA) and Analysis of Variance (ANOVA).-
The MANOVA compares averages for several variables simultaneously, tests if these averages
are different due to chance alone, and includes the effects of more than one DV. After a
significant result of a MANOVA, researchers conducted ANOVAs to investigate individual DVs.

The ANOVAs compare averages of a single variable between multiple conditions and determines
if these averages are different due to chance alone. A difference between means is significant if
there is a very high probability that the means are actually different. For general concepts in
statistics and more detailed information about the statistical methods used in this study, see

Appendix J.




2.5.2.1 ATWIT Ratings

For the analysis concerning the subjective ratings, researchers used a MANOVA on maximum
and mean ATWIT ratings. This MANOVA, structured as a 2 x 2 (Task load x Visual noise)
repeated measures design, addressed the differences across scenarios.

2.5.2.2 Questionnaires

The Entry Questionnaire contained questions about participant background and importance of
provided airspace and aircraft information. The analysis of the Entry Questionnaire data
consisted of the calculation of means and standard deviations (SD).

The Post-Scenario Questionnaire contained general questions about the simulation, ATCSs’
perceived Situation Awareness (SA), and NASA TLX items. If the MANOVA showed statistical
significance, subsequent analyses included ANOVAs on the individual variables. The analyses
of the SA and NASA TLX items followed the same pattern as the analyses of the general
questions. _

The Exit Questionnaire collected ATCSs’ impressions of the experiment. The analysis of the
Exit Questionnaire data consisted of the calculation of means and SDs.

2.5.2.3 Over-the-Shoulder Ratings -

The OTS ratings consist of questions relating to six categories: Maintaining Safe and Efficient
Traffic Flow, Maintaining Attention and SA, Prioritizing, Providing Control Information,
Technical Knowledge, and Communication. The researchers compared OTS rater responses ina
two-way, 2 x 2 (overflights x task load) fashion. ‘

2.5.2.4 Visual Scanning

Three MANOVAs tested the hypotheses related to the changes in visual scanning. The first
MANOVA addressed visual scanning differences across scenarios and was a 2 x 2 repeated
measures analysis (overflights x task load). The second MANOVA addressed the differences
between 5-minute intervals in similar scenarios that contained VFR intrusions and the
corresponding interval without intrusions. It was a two-way repeated measures MANOVA (i.e.,
2 x 5 [VFR presence x conditions]). The third MANOVA investigated differences between
intervals in similar scenarios that contained IFR intrusions and the corresponding intervals
without intrusions. This MANOVA was of a 2 x 5 (IFR presence x conditions) design.

2.5.2.5 Performance Scores

The four categories of variables related to performance included conflicts, separation,
complexity, and communications. Four sets of MANOVAs tested the hypotheses related to
performance scores on selected performance variables. These MANOVAs addressed the
differences across scenarios and were of repeated measures 2 x 2 (overflights x task load) design.




3. Results

Analyses of the Entry and Exit Questionnaires consisted of the calculation of the means and SDs.
Analyses of other data sets involved MANOVAs and ANOVAs when appropriate. Appendix K
presents overall averages for DVs used in inferential statistics.

3.1 ATWIT

The ATWIT device recorded ATCS ratings and the amount of time it took the ATCS to respond
(latencies). Researchers calculated the mean and maximum ATWIT rating and latency for each
scenario. Correlations between the mean and maximum on-line ATWIT ratings and the post-
scenario TLX workload indicated what drives the post-scenario perception of workload. This
report only presents the results of the analyses on mean and maximum ATWIT ratings (Figure 1).
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ard | al4 af—max
ar5 | al5 || Compute a._max ar_nax
ar6 | al6 3 ar_mean Analyze ~ |ar_mean

ar7 | al7 al_mean
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ar[i]: ATWIT Rating for interval [i]
al[il: ATWIT Latency for interval [i]

Figure 1. Derivation of ATWIT variables from raw ATWIT scores.

The MANOVA of the ATWIT ratings included the mean and the maximum of the ratings within
a scenario. The effects of increasing task load and introducing visual noise interacted [A = .70,
F(2,21) =4.45, p <.05] (Appendix L, Table L-9). The effect of visual noise was not significant
as a simple effect (Table L-9).

Researchers included both the mean and the maximum ATWIT rating items in the MANOVA.
To ensure an overall alpha level of .05, the adjusted alpha was .025 for the ANOVAs.

3.1.1 Mean ATWIT Rating

Under high task load conditions, the mean ATWIT rating was significantly higher than under low
task load conditions [F(1, 22) = 92.37, p <.05] (Figure 2). The presence of visual noise did not
significantly affect the mean ATWIT ratings.

10




——
0 - }

Low Task Load High Task Load

Figure 2. Means and SDs of mean ATWIT ratings as a function of task load.

3.1.2 Maximum ATWIT Rating

The effects of introducing visual noise and increasing task load on the maximum ATWIT rating
interacted [F(1, 22) = 9.19, p <.05] (Appendix L, Table L-10). The simple effects showed that
the effect of task load on the maximum ATWIT rating was stronger under the no noise condition
(Table L-11). There was no significant effect of the presence of visual noise on the maximum
ATWIT rating for both task load levels (Figure 3). '
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Figure 3. Means and SDs of maximum ATWIT ratings for load-visual noise combinations.

3.1.3 Correlation Between Mean and Maxﬁnum ATWIT Ratings and TLX

The post-scenario TLX items showed higher correlations with the mean ATWIT ratings than
with the maximum ATWIT ratings. Both the mean and maximum ATWIT rating showed the
highest correlation with the TLX item on mental demand (r =.71 and r = .50, respectively).
Table K-3, Appendix K, presents a detailed correlation matrix. '

3.2 Questionnaires

3.2.1 Entry Questionnaire

The Entry Questionnaire inquired about participants’ general background and preferences of
information available on aircraft and radarscope. When asked to indicate an LOA or level of a
modality, participants chose from a discrete 10-point scale. -

The 12 participants averaged 37 years of age, almost 12 years of ATC experience, and over 8
years at their TRACON. One third of the participants used corrective lenses during the
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experiments. These volunteers actively controlled traffic for an average of 11.5 months during
the last 12 months. Their self-rated ATC skill level was high, and they perceived a moderate
stress level. Their motivation and current state of health were good. They indicated moderate
preference towards vertical separation, less preference towards vectoring, and no level of
preference towards speed control. The self-rated level of experience with video games was low.
Table 1 presents detailed values for the means and SDs for the general background variables.

Table 1. General Background Questions (N = 12)

Variable Label Mean . SDs
Age 37.42 3.55
Lenses 0.33

ATC Experience 11.67 4.38
Present TRACON Experience : 842 - 4.62
Active Control last 12 Months 11.50 1.73
ATC Skill 8.25 1.22
Stress 5.50 2.15
Motivation 7.42 2.11
Health 8.58 1.16
Vertical Separation Preference 6.75 1.36
Vectoring Separation Preference 5.67 1.30
Speed Separation Preference 4.83| 1.64
Video Game Experience 3.42 2.15

Table 2 presents the ratings for several aircraft-related variables sorted from most important to
least important. The ATCSs rated the current altitude, current location, and assigned altitude as
the three most important pieces of information about the aircraft. Least important were entry fix,
exit airspeed, and beacon code.

ATCSs indicated that airports, sector boundaries, Instrument Landing System (ILS) épproaches,
restricted area boundaries, and ILS outer-marker information were most important. Less
important were conflict alert, holding pattern, and system clock information.

Table 3 presents detailed information on the ATCS ratings of important radarscope information.
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Table 2. Importance of Aircraft Information (N = 12)

Variable Label Mean! SDs
Current Altitude 9.33 0.89
Current Location 9.33 0.98
Assigned Altitude . 9.17 1.03
Arrival Apt. (within sector) 8.67 1.50
Call Sign ’ 833] 3.45
Departure Apt. (within sector) 8.25 2.30
Near Exit Fix/Arrival Apt. 8.17] 2.12
Type 7.92 1.88
Density 7.92 1.31
Exit Altitude 7.58 1.88
‘Waiting for Hand-off/Release 742 2.15
Assigned Heading 7.33 1.56
Current Airspeed 7.17 1.75
Assigned Airspeed 7.00 1.48
Current Heading 6.92 1.93
Entry Altitude 6.58] 2.97
Exit Fix 6.58 1.88
ATCS Ownership 6.36] 3.80
Holding/Spinning 6.17) 225
Entry Airspeed 5.58 2.31
Entry Fix 492 257
Exit Airspeed 4.75 2.45
Beacon Code 458 3.26

Table 3. Importance of Radarscope Information (N = 12)

Variable Label Mean| SDs
Airports 8.83 1.47
Sector Boundaries 8.83 1.40
ILS Approaches 8.75 1.48
Restricted Area Boundaries 8.58 1.51
ILS Outer Marker . 8.50 1.68
Runways 7.75 2.18
Fixes 7.50 2.15
VORs 7.42 2.35
Future Act. List . 5.50 . 243
Range Rings 5.33 2.67
Obstructions 5.33 2.46
Filter Settings "~ 5.33 2.31
Conflict Alert 5.33 3.70
Holding Patterns 4.67 2.50
System Clock 4.08 2.75
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3.2.2 Post-Scenario Questionnaire

The Post-Scenario Questionnaire contained eight general questions concerning realism,
representativeness, ATWIT interference, oculometer interference, simulation pilot
responsiveness, working hard, quality of control, and difficulty. Table K-1, Appendix K,
presents the means and SDs for these questions.

The analysis investigated if a difference in ATCS response occurred when task load changed
from low to high or when the scenario changed from having no visual noise to having visual
noise. If the analysis showed that the experimental conditions did affect the general questions
significantly, the subsequent analyses consisted of ANOVAs on individual variables.

The effects of increasing task load and introducing visual noise on the responses to the general
post-scenario questions interacted significantly [A = .41, F(8, 15) = 2.66, p < .05] (Appendix L,
Table L-1). Because of this interaction, researchers analyzed visual noise impact under both low
and high task loads and also task load with or without visual noise. The effect of increasing task
load on responses to general post-scenario questions was slightly stronger in the absence of
visual noise [A =.04, F(8, 15) = 44.30 versus A = .08, F(8, 15) =22.08, p < .05, orn; =.98
versus .96, respectively]. The effect of introducing visual noise was only significant under high
task load conditions [A = .41, F(8, 15) =2.65, p <.05].

Because the MANOVA results indicated that the experimental conditions affected the general
post-scenario questions, researchers analyzed each of the questions individually. To maintain an
overall alpha level of .05, the researchers adjusted the alpha level to .0064 for the analyses.
Without the adjustment of the alpha level, the sequence of subsequent univariate analyses may
allow the overall probability of error to creep upward. Figure 4 presents the means and SDs for
the eight general post-scenario questions.
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Figure 4. General post-scenario questions as a function of task load and visual noise.
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. Realism and Representativeness

Visual noise made the scenarios slightly more realistic although not statistically
significant. The scenarios were equally representative of an average day at the TRACON.
Although not statistically significant, ATCSs indicated that the low task load scenarios
were more realistic than the high task load scenarios.

. ATWIT and Oculometer Interference

The ATCS perceived little interference from the ATWIT device. The equipment
bothered them even less when the task load was low. The oculometer hardly interfered,
but more than the ATWIT device. The ATCSs did not perceive that increased task load
caused any greater oculometer interference. Visual noise in the scenario reduced the
perceived level of interference caused by the oculometer, although not significantly.

. Simulation Pilot Responsiveneés

The perceived quality of the simulation pilot responses was very high. Increasing task
load reduced the perceived quality of these responses, but not significantly. Introducing
visual noise did not alter the perceived quality of the responses.

. Working Hard

The effect of increasing task load on the perception of ATCSs on how hard they worked
during the simulation depended on the presence of visual noise [F (1,22)=9.24, p <.05]
(Table L-2). Researchers determined simple effects. ATCSs felt they worked harder
during high task load scenarios [F(1, 22) = 296.66, p <.05]. The increase in perceived
workload due to an increase in task load was smaller when visual noise was present than
when it was absent. '

. Quality of Control

Participants perceived that their control quality was lower under high task load conditions
[F(1,22) = 14.44, p <.05] (Table L-3). Under high task load conditions, visual noise led
to an increase in perceived quality of control, although not statistically significant. Under
low task load conditions, visual noise did not affect the perceived quality of performance.
The introduction of visual noise showed a trend toward an increase in perceived quality -

of control, although not significantly.
Difficulty

The effects of increasing task load and introducing visual noise on perceived simulation
difficulty interacted [F(1, 22) = 11.21, p <.05] (Table L-2). Visual noise itself did not
affect the perceived difficulty, but it altered the effect of increasing task load. Introducing
visual noise increased the perceived difficulty under low task load conditions, but it
reduced the perceived difficulty under high task load conditions.
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g. Situation Awareness Questions -

The four post-scenario questions involving SA estimates included overall SA, current
aircraft location SA, projected aircraft (A/C) location SA, and potential violation SA. -
The post-scenario questions that addressed the ATCSs’ SA showed a multivariate
significance for the effects of increasing task load [A = .32, F(4, 19) = 10.31, p <.05] and
introducing visual noise [A = .55, F(4, 19) = 3.86, p <.05] (Table L-4). The MANOVA
on SA related questions involved responses for four questions. To maintain an overall
alpha level of .05, the adjusted alpha level for the analyses on individual questions was
.013.

The ATCSs estimated their SA higher under low task load than under high task load
conditions [Overall SA, F(1, 22) = 25.19, Current A/C Location SA, F(1, 22) = 42.98,
Projected A/C Location SA, F(1, 22) = 32.85, Potential Violations SA, F(1, 22) 13.03,
all p <.05] (Table L-5). Figure 5 summarizes the means and SDs.
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Figure 5. Means and SDs for SA post-scenario questions as a function of task load.

' Visual noise affected only the SA question concerning potential violations [F(1, 22) = 14.63,
p <.05] (Table L-6). ATCSs perceived that they had a better SA for potential violations (Figure
6) in the presence of visual noise.
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Figure 6. Means and SDs for SA for potential violations as a function of visual noise.
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3.2.2.1 Post-Scenario TLX

The items of the NASA TLX were mental, physical, and temporal demand; performance; effort;
and frustration. The MANOVA on these items displayed a significant effect of increasing task
load [A =.06, F(6, 17) =45.17, p < .05]. To ensure an overall alpha level of .05, the adjusted
alpha was .0085 for the ANOVAs on all six items.

The mental, physical, and temporal demand; level of effort; and frustration were higher under
high task load conditions than low task load conditions [F(1, 22) = 222.27, 41.91, 99.95, 23.84,
80.05 respectively, all at p <.05]. The performance level was lower under high task load than
under low task load conditions [F(1, 22) = 8.72, p <.05]. -Table L-8 presents detailed ANOVA
results for the effect of task load. Figure 7 presents the means and SDs of the individual TLX
items. ' '
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Figure 7. Means and SDs for post-scenario TLX items as a function of task load.

3.2.3 Exit Questionnaire

After the eight experimental scenarios, the participants completed an Exit Questionnaire
(Appendix C). The Exit Questionnaire collected their opinions on topics covered in the Post-
Scenario Questionnaires. The ATCS rated each item on a scale from 1 to 10. The overall
realism of the scenarios was moderately good. The participants perceived the scenarios as a
moderately realistic representation of an average day at their TRACON. The participants felt that
the ATWIT device hardly interfered with controlling traffic. The oculometer interfered more
than the ATWIT device, but the level of interference was low. The simulation pilots performed
extremely well. The hands-on training was adequate (Table 4).

Table 4. Exit Questionnaire (N = 12)

Variable Label Mean SDs
Realism 6.42 1.44
Representative B 5.67 2.15
ATWIT interference 1.58 0.90
Oculometer interference 3.17 2.55
~ [Simulation pilot performance 9.33 0.98
Training adequacy 8.91 1.14
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3.3 _Over-the-Shoulder Evaluation

3.3.1 Ratings

The OTS rating form contained three sets of questions. The first concerned ATCS performance.
The second set consisted of selected items from the Post-Scenario Questionnaire. The third set
of questions included the six items of the NASA TLX. Researchers analyzed each of these
groups of questions separately.

The general OTS evaluation consisted of questions related to Maintaining Safe and Efficient
Traffic Flow, Maintaining Attention and SA, Prioritizing, Providing Control Information,
Technical Knowledge, and Communication.

Traffic load manipulation affected all questions related to Maintaining Safe and Efficient Traffic
Flow. Under high task load conditions, the OTS rater evaluated maintaining separation and
resolving potential conflicts lower and ATCSs sequenced arrival and departure aircraft more
efficiently (Figure 8).

O NWEHR LN

Maintaining Separation and Resolving ~ Sequencing Arrival and Depaﬁure Aircraft Use Control Instruction Effectively
Potential Conflicts Efficiently

OLow Task Load M High Task Load

Figure 8. Means and SDs for traffic flow related questions as a function of task load.

Task load manipulation affected all questions related to Maintaining Attention and SA (Figure
9). With increasing task load, the participants maintained awareness of aircraft positions less but
ensured positive control. Also, detection of pilot deviations from control instructions was less
likely, and ATCSs corrected their own errors in a less timely manner.
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Maintaining Awareness of Aircraft . Ensuring Postive Control Detecting Pilot Deviations Correcting Own Errors
Positions .
. [0 Low Task Load M High Task Load

Figure 9. Means and SDs of variables related to maintaining attention and SA as a function of
task load.
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Task load manipulation affected all questions related to Prioritizing. The OTS rater indicated

that all prioritizing-related variables showed a lower performance under high task load (Figure
10). However, mean ratings indicated that overall observers believed performance was on the

top third of the scale.

8 e -
6
4
2
0 u g + :
Taking actions in an. Preplanning control actions Handling control task for Marking flight strips while
apprc?pxiate order of several A/C performing other tasks
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Figure 10. Means and SDs for variables related to prioritizing.

The visual noise manipulation affected preplanning control actions. Participants showed better |
preplanning when visual noise was present than when visual noise was absent (Figure 11).
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Figure 11. Means and SDs for preplanning control actions as a function of visual noise.

The section in the OTS rater’s form on Providing Control Information provided essential ATC
information. An increase of task load lowered the OTS rater perception of the quality of
providing essential ATC information (Figure 12). :
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Figure 12. Means and SDs for providing essential ATC information as a function of task load.

The observer perceived a decrease in providing additional ATC information as task load
increased. In the absence of visual noise, increasing task load reduced the amount of additional

ATC information provided (Figure 13).
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Figure 13. Means and SDs of providing additional control information as a function of task load
and visual noise. '

The questions on Technical Knowledge consisted of showing knowledge of LOAs and SOPs and
showing knowledge of aircraft capabilities and limitations. Neither task load or visual noise
affected the responses to these questions. ’

The issues related to the quality of ATCS Communications were using proper phraseology,
communicating clearly and efficiently, and listening for pilot readbacks and requests. Clarity,
efficiency, and the quality of listening for pilot readbacks decreased with increasing task load
(Figure 14), although the OTS rater did not notice a difference in the use of proper phraseology.
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Communicating clearly and Listening for pilot readbacks
efficiently and requests

Figure 14. Means and SDs for variables related to communication as a function of task load.

Figure 15 presents the means and SDs of the six NASA TLX items, which are the observer’s
estimates of participant workload dimensions. An increase in task load increased the perceived
level of Mental Demand, Frustration, Physical Demand, Temporal Demand, and Effort. The
presence of visual noise reduced the task load effects for Mental Demand and on Frustration and
lowered the level of Performance under high task load.
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Figure 15. Means and SDs of OTS NASA TLX items by task load and visual noise.

3.3.2 Comments Related to Class C Airspace Violations

The OTS rater comments provided valuable information about how ATCSs dealt with the
incursions. According to FAA Order 7110.65J (FAA, 1996), ATCSs must attempt to establish
two-way radio communications with any aircraft entering Class C airspace. This study revealed
that only a few ATCSs correctly followed this order. The descriptions below are summaries of
the comments on the four questions related to controller SA made by the OTS rater.

Scenario 1, a low task load simulation with visual noise present, contained one VFR incursion
and one IFR incursion. The VFR incursion flew through Class C airspace at 2,500 feet. The IFR
incursion skimmed the top of Class C airspace at 7,000 feet. Several of the ATCSs did not
acknowledge the presence of one or both of the intruders. The ATCSs that did recognize the
incursion of their airspace displayed a wide variety of actions after the detection of an incursion.
The ATCS often recognized the VFR intruders, issued the intruder as traffic to other aircraft, but
did not attempt to establish two-way communications. Other ATCSs called local control or the
tower to inform them about the presence of a VFR intruder in Class C airspace. Actions taken
after detecting the IFR intruder ranged from calling the ARTCC for information about the
aircraft, to attempting to establish two-way radio communications.

Scenario 2, a high task load simulation with visual noise present, contained one VFR and one
IFR Class C airspace incursion. The VFR incursion aircraft took off from an airport just outside
of Class C airspace and flew into Charlie airspace at 2,500 feet. The IFR incursion aircraft
descended from high altitude into Class C airspace without announcing itself. Before it became a
Class C violator, the aircraft contained neither a limited nor a full data block. Several of the
ATCSs failed to detect the incursions into Class C airspace. The observer indicated that “most of
the time, the intruder’s limited data block was near the full data block of another aircraft.” Some
ATCSs noticed the incursions and took appropriate action. They called adjacent sectors, tried to
establish two-way radio communications, and issue the intruder as traffic when appropriate.
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Scenario 3, a low task load scenario without visual noise, contained two VFR intruders. One of
the intruders entered Class C airspace at 3,000 feet. The other intruder did not actually enter
Class C airspace but was traffic for other aircraft. Most of the ATCSs recognized the VFR
incursion into Class C airspace, and several of them coordinated with the tower or issued the
intruder as traffic to other aircraft.

Scenario 4, a high task load scenario without visual noise, contained two VFR incursions of
Class C airspace. This simulation contained two VFR intruders. The first intruder entered Class
C airspace at 3,500 feet from a southwest direction. The other intruder entered Class C airspace
at 2,500 feet from a northeast direction. Several of the ATCSs did not acknowledge one of the
intruders as it flew through Class C airspace even when it passed near other aircraft as traffic.
Some of these ATCSs recognized an intruder only after it passed through Class C airspace.
Other ATCSs saw both intruders and issued them several times as traffic to other aircraft.

Scenario 5, a low task load simulation with visual noise present, contained two IFR Class C
incursions. The first incursion descended from 9,000 feet to 7,000 feet (the ceiling of Class C
airspace for this TRACON) and came in from a north/northeast direction. The second incursion
descended from 8,500 feet to 7,000 feet from a southwest direction. Both IFR intruders were

- part of the high altitude overflights that simulated the visual noise. Before becoming an intruder,
the aircraft contained neither limited nor full aircraft. Some of the ATCSs did not detect one or
both of the intruders, although the traffic load was light. Other ATCSs noticed an intruder only
after it had passed through Class C airspace. The response of ATCSs that noticed the intruders
varied from calling adjacent sectors to inquire about aircraft, to establishing two way
communications, and to issuing traffic when appropriate.

Scenario 6, a high task load scenario with visual noise present, contained two IFR Class C
airspace incursions. This simulation contained two IFR intruders that dropped from a higher
altitude down to 2,000 feet into Class C airspace from a South/South-West direction. The OTS
rater indicated that many of the ATCSs did not notice one or both of the IFR incursions into
Class C airspace. In some cases, an ATCS detected an intruder after it had passed through Class
C airspace. (The intruder was finally identified about 10 miles before exiting the airspace). In
this high task load scenario, several controllers had operational errors that involved an IFR
intruder. (The second intruder merged with another aircraft at 3,500 feet without a traffic
advisory being issued). Some of the ATCSs detecting one or both of the IFR incursions
contacted the tower, but other ATCSs did not take further action.

To assess how many ATCSs missed intrusions, researchers reviewed the OTS rater comments
and tallied the number of intrusions the ATCS issued as traffic, inquired with other facilities
about, tried to contact, or otherwise acknowledged the intruder. Figure 16 presents the results.
Of the eight scenarios, six included incursions into Class C airspace. Four of these scenarios
contained high altitude overflights as visual noise. There were three scenarios of each task load
level. Although the number of observations was not equally distributed across conditions,
researchers calculated the proportion of controllers that either missed both incursions, picked up
one of the incursions, or picked up both incursions (Figure 16). In each of the conditions, at least
1 of the 12 participating ATCSs missed one of the intruders. In the extreme case of high task
load and presence of visual noise, one fifth of the ATCSs detected both intruders.
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Figure 16. Percent of ATCSs that indicated detection of the Class C airspace violations.

3.4 Visual Scanning

The summary variables for 5-minute intervals formed the basis for the visual scanning data set.
The 5-minute intervals enabled rejection of a single interval without loosing the complete
simulation. Researchers replaced the variable values for that rejected interval with the average
values across all conditions for that interval. Of 864 intervals (12 participants x 8 scenarios X 9
intervals), the researchers rejected 15 intervals due to a low number of saccades (less than 200
saccades in a 5-minute interval) and 10 intervals due to a high number of saccades (more than
800 saccades in a 5-minute interval). For all rejected intervals, researchers substituted the visual
scanning variables by overall 5-minute interval means. Therefore, the number of summary data
points presented in the Results Section is 864 [based on 12 (participants) x 8 (scenarios) x 9 ’
(intervals) = 864]. The 5-minute interval data formed the basis for the summary data per
scenario.

The visual scanning variables represented three levels of detail. The first level included general
characteristics of fixations, saccades, blinks and pupil diameter. The second level included
characteristics of fixations by scene plane: the radarscope, the ATWIT panel, the flight progress
strip bay, and the keyboard/mouse area. The third level included characteristics of fixations on
radarscope objects: aircraft, low altitude and conflict alert areas, system area, tab list, static
objects (airport, runways, fixes, VORs), and preview area. The following sections discuss each

of the levels.
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3.4.1 General Eye Movement Characteristics

Variables reflecting general eye movement characteristics included fixations, saccades, blinks,
and pupil diameter. The variables used to analyze differences in general eye movement
characteristics between conditions were

a. number of fixations,
. b. mean fixation duration,

mean fixation area,

o o

visual efficiency,
mean saccade duration,
mean saccade distance,

eye motion workload,

B oo

mean pupil diameter,
motion workload,
number of blinks,

mean blink duration, and

-
.

= R

mean blink distance.

Appendix F presents definitions for several of the general eye movement variables. Appendix L,
Table L-12 presents the results of the MANOVA. The only effect on general eye movement
characteristics was due to the task load manipulation [A = .35, F(5, 18) = 6.68, p <.05]. The
reader should bear in mind that the DVs used in the multivariate analyses are somewhat
correlated. The correlations between the DVs used in the multivariate analysis do not reach a
level where one of the variables is redundant. Table L-13 shows the details of the ANOVA
results for the effect of task load on general eye movement characteristics.

To maintain an overall alpha of .05 with 11 DVs, the adjusted alpha used in the univariate
ANOVAs was .0047. Increasing task load or introducing visual noise did not affect the number
of fixations. Only mean fixation area showed a significant increase between the low and the high
task load conditions [F(1, 22) = 19.54, p < .05] (Figure 17). Although introducing visual noise
affected how much the fixation area increased with task load, this interaction did not reach
statistical significance. :
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Figure 17. Means and SDs of fixation area as a function of task load and visual noise.

Although saccade distance decreased as a function of task load, it did not reach statistical
significance (Figure 18).
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Figure 18. Means and SDs of the saccade distance as a function of task load and visual noise.

3.4.2 Scene Plane Fixations

The scene plane fixation variables included the number and duration of fixations on the
radarscope, flight strip bay, ATWIT device, and keyboard area. The MANOVA results showed
an interaction between load and visual noise [A = .25, F(4, 19) = 14.20, p <.05] on scene plane
fixation characteristics (Table L-14).

To maintain an overall alpha level of .05 with eight variables, researchers used the adjusted alpha
level of .00639. Table L-15 presents the ANOVA results for the interaction between the effects
of task load and visual noise.

The introduction of visual noise interacted significantly with the effect of increasing task load on
the number of fixations on the radarscope [F(1, 22) = 15.62, p < .05]. The number of fixations
on the radarscope within a scenario was higher when task load was low. The number of fixations
on the radarscope was larger when visual noise was present under low and smaller under high

task load conditions (Figure 19).

25




4000

3000
2000 O No Visual Noise
B Visual Noise
1000
0 :

Low Task Load High Task Load

Figure 19. Mean and SD of the total number of fixations on the radarscope as a function of
visual noise and load over a 45-minute scenario.

Increasing task load and introducing visual noise interacted for duration of fixations on the
radarscope [F(1,22) = 17.49, p < .05]. The mean fixation duration on the radarscope in the
absence of visual noise was higher for low task loads than for high task loads. The presence of
visual noise reversed this effect, and the mean fixation duration increased under high task load
conditions (Figure 20). ' '
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Figure 20. Mean and SD of fixation duration on the radarscope as a function of visual noise and
task load.

The load and visual noise interaction effect for the number of fixations on the flight strip bay
[F(1,22) = 14.72, p < .05] was significant. The number of fixations on the flight strip bay stayed
the same under low and high task load conditions when visual noise was absent. When visual
noise was present, the number of fixations on the flight strip bay increased under high task load

- conditions. When the task load was low, the introduction of visual noise changed the number of
fixations on the flight strip bay only marginally. Under high task load, the introduction of visual
noise introduced a substantial increase in the number of fixations on the flight strip bay (Figure
21). ‘
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Figure 21. Mean and SD of number of fixations on the flight strip bay as a function of visual
noise and task load.

Task load and visual noise manipulation did not interact for the duration of fixations on the flight
strip bay. The fixations were significantly shorter in duration for high task load conditions than
for low task load conditions [F(1, 22) = 36.95, p < .05] (Figure 22).
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Figure 22. Mean and SD of the mean fixation duration on the flight strip bay as a function of
task load.

Increasing task load significantly increased the number of fixations on the keyboard area
[F(1,22) = 131.55, p < .05] (Figure 23). The number of fixations on the keyboard area increased
“ by approximately 41%. Increasing task load or introducing visual noise did not affect the
" pumber or the duration of fixations on the ATWIT device or the fixation duration on the

keyboard area.
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Figure 23. Means and SDs of the number of ﬁxations on the keyboard area as a function of task
load and visual noise.

3.4.3 Radarscope Fixations

The changes in the fixation characteristics on objects on the radarscope due to task load and
visual noise were not independent [A = .15, F(1, 22) = 19.20, p < .05] (Table L-16). Because of
the interaction between visual noise and task load increase, researchers calculated multivariate
simple effects. The alpha level after adjusting for the 10 DVs to maintain an overall alpha of .05
was .0051.

The effects of increasing task load and introducing visual noise on the number of fixations on the
system area influenced one another [F(1, 22) = 10.54, p < .05] (Table L-17). There were fewer
fixations on the system area under high task load. Introducing visual noise reduced the number
of fixations on the system area. This reduction was less pronounced under high task load
conditions (Figure 24). :
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Figure 24. The number of fixations on the systems area as a function of task load and visual
noise.

Increasing task load resulted in a significant [F(1, 22) = 44.09, p < .05] decrease in the fixation
duration on the system area (Figure 25 and Appendix L, Table L-18). Introducmg visual noise
did not significantly alter the duratlon of fixations on the system area.
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Figure 25. Mean fixation duration on the systems area as a function of task load.

The mean number of fixations on static objects showed an interaction effect of the manipulation
of task load and visual noise [F(1, 22) = 58.26, p < .05]. Under high task load conditions,
introducing visual noise did not significantly change the number of fixations on the system area. -
Under low task load conditions introducing visual noise significantly reduced the number of
fixations on static objects (Figure 26). ATCSs spent more time scanning moving objects when
visual noise was present, but the number of aircraft under control was low. The impact of these
overflight aircraft targets on scanning is less when ATCSs are already busy with more demanding

traffic for which they are responsible.
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Figure 26. Mean number of fixations on static objects as a function of task load and visual noise.

The effects of the introduction of visual noise and the increase of task load on the duration of

fixations on static objects interacted [F(1, 22) = 12.91, p <.05]. Under low task load conditions,
the fixation duration was longer when visual noise was absent. Under high task load conditions,
the fixation duration increased with the introduction of visual noise (Figure 27). ATCSs fixated
on fewer objects for longer periods. The visual noise introduced a need to be more selective and

concentrate more.
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Figure 27. Mean fixation duration on static objects as a function of task load and visual noise.

The mean number of fixations on the tab list showed an interaction between the task load and the
visual noise manipulation [F(1, 22) = 20.85, p < .05]. In the absence of visual noise, increasing
task load led to a reduction of fixations on the tab list. The presence of visual noise reversed this
effect (Figure 28).
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Figure 28. Mean number of fixations on tab list as a function of task load and visual noise.

The mean duration of fixations on the tab list did not change significantly between conditions.
Shorter fixation duration under low task load conditions in the presence of visual noise showed a
trend, but it was not statistically significant (Figure 29).
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Figure 29. Mean fixation duration on tab list as a function of task load and visual noise.

The mean number of fixations on the preview area did not show a significant interaction between
increasing task load and introducing visual noise. An increase in task load led to a significant
[F(1,22) = 13.70, p < .05] reduction of the number of fixations on the preview area (Figure 30).
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Introducing visual noise led to a significant [F(1, 22) = 26.40, p <.05] reduction in the number of

\
Figure 30. Mean number of fixations on preview as a function of task load.
fixations on the preview area (Figure 31).
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Figure 31. Mean number of fixations on preview as a function of visual noise.

Researchers could not study the effects of task load and visual noise manipulation on the number
of fixations on aircraft independently because they interacted significantly

[F(1, 22) = 46.85, p < .05]. Under low task load conditions, introducing visual noise did not
significantly change the number of fixations on aircraft. Under high task load conditions,
introducing visual noise reduced the number of fixations on aircraft (Figure 32).
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Figure 32. Mean number of fixations on aircraft as a function of task load and visual noise.
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An interaction between task load and visual noise manipulation existed for the fixation duration
[F(1,22)=28.22, p <.05]. Introducing visual noise under low task load conditions led to a -
reduction in the mean duration of fixations. Under high task load conditions, introducing visual
noise resulted in an increase in the mean fixation duration (see Figure 33).
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Figure 33. Mean fixation duration on aircraft as a function of task load and visual noise.

3.4.4 Intrusions

The scenarios for each participant included six VFR and six IFR intrusions. The researchers
isolated the 5-minute intervals that included an intrusion for the analysis of eye movements. The
study contained 2 (load) x 2 (visual noise) x 2 (replication) scenarios. The analyses compared
the intervals that included intrusions with intervals of the scenario without intrusions that
replicated the conditions. For five of the VFR and IFR intrusions, such an interval existed. For
the other interval, the VFR intrusion coincided with an mterval that contained an IFR intrusion in
the replication scenario.

The research team conducted repeated measures ANOVAs on the DVs. At a .05 level of
significance, there was only an interaction between the effect of the presence of intrusions and
the task load and visual noise conditions for saccade duration (Table L-19). To maintain an
alpha level of .05 with 12 DVs, researchers reduced the adjusted alpha level to .0043. At this
level, the effects of conditions and presence of intrusions on eye movements do not interact.
There was no effect of intrusions on any of the general eye movement characteristics (Table L-
20). The data pooling procedures may have washed out any existing effects.

3.4.5 Radarscope Obijects

The researchers tested the significance of the difference between fixation duration on several
radarscope objects using a measure called “object type.” The analysis showed the presence of
higher order interactions (up to the three way interaction ‘between objects, load, and visual noise
[A=.56,F(1,22)=3.57, p <.05] (Table L-21). The mean fixation duration on radarscope
objects differed significantly for each of the task load and visual noise conditions. The aircraft

fixations have the highest durations with a mean of 655 ms (Figure 34). For a discussion of the
effects of task load mampulatlon and visual noise on the individual radarscope objects refer to
Section 3.4.3. :
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Figure 34. Mean and SD of radar object fixation duration (ms) as a function of task load and
visual noise. '

The number of fixations varied significantly between objects. The effects of both increasing task
load and introducing visual noise significantly interacted with the effect of object on the number
of fixations. The emphasis on aircraft representations becomes even clearer when presenting the
time spent on radarscope objects as a percentage of the total time (45 minutes). Compared to the
time spent on aircraft representations, the ATCS allocates a negligible amount of time for the
other objects. ATCSs spent about 55% of the total simulation time on fixating aircraft
representations. Figure 35 displays the percentage of time spent on radarscope objects. The
figure does not display the data point for aircraft to allow the reader to compare the percentages

between objects other than aircraft.
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Figure 35. Percent of total simulation time fixated on selected radarscope objects.

3.5 Performance Measures

The performance measures used in the analyses consisted of conflicts, errors, communications,
and task load-related variables. The following sections will discuss each of the categories of

variables.

3.5.1 Conflicts

The DR&A module identifies variables in this section as conflict related based on IFR. In the
simulations, both IFR and VFR aircraft were present. The conflict-related variables do not
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necessarily reflect the occurrence of operational errors. The conflict data calculated on IFR
caused the DR&A module to report VFR aircraft being in conflict when no conflict existed. This
report contains information about conflict-related variables with the caveat that they reflect a
tightness of control, not necessarily a reflection of operational errors. The following sections
contain descriptive analyses of the conflict-related variables.

The number of standard terminal conflicts increased with an increase in task load. The presence
of visual noise strengthened this effect. The effect of visual noise reduced the number of
standard terminal conflicts under low task load, but high task load reversed this effect (Figure
36).
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Figure 36. Means and standard deviations for number of standard conflicts as a fnction of task
load and noise.

Neither load nor noise affected the mean duration of standard conflicts. Under high task load
conditions, noise increased the number of between-sector conflicts. In the absence of visual
noise, task load manipulation increased the number of between-sector conflicts. The presence of
visual noise reduced this effect (Figure 37).
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Figure 37. Mean number of between-sector conflicts as a function of task load and visual noise.

Under low task load conditions, the presence of visual noise did not affect the duration of
between-sector conflicts. Under high task load conditions, visual noise increased the duration of
between-sector conflicts. The manipulation of task load affected the duration of between-sector
conflict when visual noise was absent and present. The presence of visual noise increased the
duration of between-sector conflicts (Figure 38).
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Figure 38. Mean duration of between-sector conflicts as a function of task load and visual noise.

3.5.2 Separation

Separation-related variables reflect the tightness of control. The analysis includes closest point-
of-approach, the horizontal and vertical separation, and the aircraft-proximity-index.

The repeated MANOVA showed an interaction between the effects of task load and visual noise
manipulation on separation-related variables [A = .50, F(4, 19) = 4.72, p < .05]. The effect of
visual noise was not present under low task load conditions. Under high task load conditions,
visual noise significantly affected separation [A =.11, F(4, 19) = 40.20, p < .05]. In the absence
of visual noise, there was a small effect of task load manipulation on separation
[A=.59,F(4,19)=3.35,p<.05,n = .64]. In the presence of visual noise, there was a stronger
effect of task load manipulation [A =.51, F(4,19) =4.57,p < .05,n =.70].

To maintain an overall alpha level of .05 with four DVs, the adjusted alpha for the univariate
analyses is .0127. The manipulation of task load had a significant effect on the closest point-of-

approach [F(1,22)=13.37,p< .05] (Figure 39).
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Figure 39. Mean closest-point-of-approach (feet) as a function of task load and visual noise.

Task load significantly decreased the horizontal separation [F(1, 22) =13.03,p < .05]. Visual
noise did not affect the horizontal separation (see Figure 40).
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Figure 40. Mean horizontal separation as a function of task load and visual noise.
3.5.3 Communications

Communications-related variables included the number of ATCS messages and pilot message
keystrokes. Task load manipulation only affected communications [F(2, 21) = 217.33, p < .05].

- With only two DVs used in the MANOVA, the adjusted alpha level to be used in subsequent
ANOV As is .025 to maintain an overall alpha level of .05.

The number of ATCS messages showed a significant increase with an increase of task load

[F(1,22)=54.10 and F(1, 22) = 103.72, both at p <.05] (Figure 41). The presence of visual
noise did not significantly affect the number of ATCS messages.
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Figure 41. Mean number of ATCS messages as a function of task load and visual noise.

The number of simulation pilot message keystrokes showed a significant increase
[F(1,22) =103.72, p <.05] with an increase in task load (Figure 42). The presence of visual
noise did not significantly affect the number of simulation pilot message keystrokes.
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Figure 42. Mean number of pilot message keystrokes as a function of task load and visual noise.
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3.5.4 Task Load

The task load related variables showed the effect of the task load manipulation. These variables
did not provide further insight in the effect of the conditions on ATCS performance and did not
undergo further analysis. The task load related variables did not go further statistical analysis.

4. Discussion

The discussion addresses the representativeness of the simulations, the effect of increasing task
load and introducing visual noise on workload measures, the effect of increasing task load and
introducing visual noise on SA measures, and the effect of a task load and visual noise on eye
movements. Appendix M discusses the potential for alternative analyses with the format of the
data as collected during the current experiment. Appendix N contains recommendations for
modifications to data reduction algorithms and future research.

4.1 The Representativeness of the Scenarios

A high level of fidelity of the scenarios allows application of the experimental findings to an
operational setting. Researchers designed representative scenarios of an active TRACON. The
TRACON radar display shows aircraft under control or within the filter limits and the raw radar
returns of aircraft outside the filter limits. The ATCSs acknowledged the high fidelity of the
scenarios by positively rating the realism and representativeness of the scenarios. The Post-
Scenario Questionnaires indicated that, on average, the scenarios were moderately realistic and
representative of a normal day at their TRACON. Scenarios were only moderately difficult,
which is an indication that the low and high task load scenarios were well balanced. The
interference of the oculometer was low although higher than the interference of the ATWIT

device.

4.2 The Effect of Time-on-Task, Task Load, and Visual Noise on Workload Measures

The effect of task load manipulation was stronger without visual noise than when visual noise
was present. ATCSs rated all TLX items except performance higher when task load increased.
The rating for the performance item decreased with increasing task load. Although OTS
observations showed an interaction between the effects of increasing task load and introducing
visual noise, they corresponded well with ATCSs’ own ratings. These findings are common in
studies using self-reported workload. Perceived performance declines at higher levels of
workload given professional respondents who are trying to accurately gauge their

" accomplishments. '

The average ATWIT rating as a function of time showed the effect of the structure in the
scenarios used in this study. The traffic in these scenarios increased in the first 10 minutes and
tapered down at the end of the 45-minute scenarios. On average, the ATWIT ratings reflected
this trend. ATCSs rated the workload low in the beginning of the scenarios, increasing up to the
third 5-minute interval, and decreasing somewhat at the end of the scenarios. Only task load
affected the mean ATWIT scores. The high task load scenarios resulted in a higher perceived
workload. Visual noise had no effect on the mean ATWIT ratings. The effect of task load
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resulted in a higher maximum ATWIT rating, and the presence of visual noise resulted in an
increased contrast between low and high task load conditions.

The disadvantage of using post-scenario estimates of the perceived workload during a scenario is
that the ATCS has to rely on memory for the workload across a 45-minute period. To investigate
if an ATCS remembers the average or the maximum workload perceived during a scenario,
researchers computed the correlations between the average and maximum on-line ATWIT ratings
with the post-scenario TLX items. The TLX item on mental demand showed the highest
correlation with the average ATWIT rating, explaining 50% of the variance. The correlation
between the TLX item on mental demand and the maximum ATWIT rating was much smaller
and explained only 25% of the variance. The ATWIT ratings showed a trend similar to the TLX
ratings. The maximum ATWIT rating displayed an interaction between the effect of increasing
task load and introducing visual noise. The ATWIT device required the ATCS to enter a
subjective workload rating every 5 minutes. The amount of time required responding to the
ATWIT device was minimal as reflected by the oculometer measurements. On average, ATCSs
spent less than 1.5 seconds per 5-minute interval fixating on the ATWIT device.

One item in the Post-Scenario Questionnaire asked controllers to rate workload on that run. The
effects of visual noise and task load were not additive. The presence of visual noise influenced
perceived workload. This is a subtle effect, possibly related to the way controllers filter
information. With visual noise present, the filters are active, and the workload does not seem as
intense. When visual noise was present, the ATCSs perceived that they worked harder under low
task load conditions but were not working as hard under high task load conditions.

The simulations used in this experiment included high altitude overflights as visual noise. The
presentation of the visual noise was a close replication of the traffic normally seen over the
airspace. Therefore, ATCSs may have developed efficient filtering mechanisms to distinguish
between aircraft within and outside their airspace. During the site visits to the TRACON,
ATCS:s indicated that they filtered out the representations of high altitude aircraft. Ina
TRACON level 3 airspace, VFR aircraft may enter the airspace represented on the radarscope in
an identical fashion as the high altitude aircraft. When asked how they distinguished between
VFR aircraft within the airspace and the high altitude aircraft, ATCSs responded that they
compare speeds. This indicates that controllers do observe the high altitude aircraft. If that were
the case, the presence of visual noise would increase the demand on cognitive resources. The
workload measures used in the current experiment do not support this. There is no reported
increase in workload with the introduction of visual noise. This filtering is undoubtedly a
subattentive cognitive process that experienced controllers develop so that they can make optimal
use of limited attentional resources. ‘

4.3 The Effect of Increasing Task Load and Visual Noise on Situation Awareness Measures

When task load increased, ATCSs perceived that their SA decreased. This is true for general SA,
SA for current and projected aircraft locations, and SA for potential conflicts. Introducing visual
noise increased the perceived SA for potential conflicts slightly but significantly. These are
controllers’ perceptions that may not accurately reflect what they have captured in working
memory.
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How well does this correspond with the OTS rater’s observations? The OTS rater did not
observe an effect of introducing visual noise on ATCSs” SA. The OTS rater observed that
maintaining awareness of aircraft position was lower under high task load. The OTS rater’s
observation corresponded well with ATCSs’ own perception of an SA decrease for current and
projected aircraft positions. The OTS rater observed a decreased ability to detect pilot
deviations, to correct their own errors, and to maintain separation. These observations
corresponded well with ATCSs’ own perception of decreased SA for potential conflicts. The fact
that the OTS rater was aware that the visual noise did not interfere with air traffic in the sector
may explain why the ATCSs’ own perception of a heightened awareness for potential conflicts
with introducing visual noise did not surface in the OTS rater’s observations.

Asking even an experienced ATCS to estimate the SA of someone else is admittedly asking a lot.
Observer expectations and biases have to play a role. These data are suggestive, at best. Only
the operating controllers really knows what they are thinking, and experience and other factors
filter even that. '

In the presence of visual noise, the radarscope contains many more aircraft representations than
without visual noise. In the field, the radarscope contains the visual noise as well. The task
environment with visual noise is closer to ATCS reality than one without it. The processing
strategies used by ATCSs to separate aircraft may include or even depend, to some extent, on the
presence of the high altitude aircraft representations. ATCSs are experts in the task they
perform. Expertise is very susceptible to small changes in the task environment. The
participants in this study were active ATCSs for many years. For them, the absence of visual
noise may be more out of the ordinary than the situation with visual noise and could explain the
ATCSs’ perception of a better awareness for potential conflicts.

4.4 The Effect of Task Load and Visual Noise on Eye Movements

ATCSs are supervisory controllers, that is, they indirectly act upon the equipment that is under
their control. Pilots are, in this respect, the human actuators that implement the ATCS
instructions. Compared with operators of other equipment, the ATCSs have additional
challenges. The objects on their display, unlike other operational environments, are not
stationary but move across the radarscope. The location of the radar return represents the aircraft
position at one point in time in the airspace, and the relative movement and history trails
represent the heading of the aircraft. The data block itself contains four additional variables:
aircraft call sign, altitude, speed, and model. ATCSs sample these variables continuously to

update their understanding of the current state of the airspace.

The visual system uses fixations to retrieve information. During saccades, the visual system
moves the eyes but does not retrieve additional information. The participants spent 78% of the
time in fixations. Researchers calculated two percentages describing fixations broken down by
scene plane: the percentage of the total time and the percentage of the fixation time. The total
time is the actual time available in a 5-minute interval (i.., 300 seconds). The fixation time is
the total time spent in fixations (i.e., on average, 235 seconds). The percentage of the fixation
time is a good indication of the distribution of information retrieval across the scene planes. The
average duration of fixations is similar to those reported elsewhere (Fitts, Jones, & Milton, 1950;
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Stein, 1992). Average saccade durations are comparable to other sources as well. Given these
data, the eyes are moving and not picking up any viable information 22% of the total time.

The literature suggests that longer fixation durations are due to the processing time necessary for
interpretation of the information presented within the field of view and the programming time
necessary to plan the next saccade. Careful interpretation of the current results suggests that
ATCSs performed more cognitive processing during fixations on the ATWIT device and the
radarscope than on the keyboard area and flight strip bay. When the ATWIT device prompted
the ATCS to rate the current workload, it seemed to require considerable cognitive processing to
interpret the 10-point scale and compare the current workload to that scale. Alternatively, the
ATWIT device is both a display and an input device. Once ATCSs determine the perceived
workload level, they enter that level by touching the number on the ATWIT device. The
fixations to guide the hand to the correct number on the device may be quite long. Researchers
interpreted the longer fixation durations on the radarscope and aircraft in a similar fashion.
Considerably more cognitive processing takes place during fixations on aircraft than on any other
radarscope object. The fixation durations on aircraft correspond well with durations found on
cockpit instruments (Fitts et al., 1950), meter monitoring (Senders, Elkind, Grignetti &
Smaliwood, 1964) and radar watching (Moray, Neil, & Brophy, 1983) (see Figure 43). The
relatively low mean fixation duration on TRACON radar in the study by Stein (1992) may be
because the researchers made no distinction between objects at which the ATCSs looked. In this
study, the fixations on aircraft had by far the longest durations. Inclusion of other objects and
scene planes would drastically reduce the average duration of the fixations.

When divided by scene plane, a difference in fixation durations was apparent. Fixations on the
radarscope average 620 ms and were similar in duration for fixations on the ATWIT device. The
number of fixations on the ATWIT device was very few, as expected. Fixations on the flight
strip bay and the keyboard area were much shorter in durations (320 and 450 ms, respectively).

The human visual system only acquires information during fixations. ATCSs spent 75% of the
total fixation time on the radarscope and 69% of the fixation time on aircraft representations.
ATCS:s tend to focus on aircraft rather than static objects such as airports, VORs, and
intersections. The effects of increasing task load and introducing visual noise and the number of
fixations on the radarscope interacted. For high task load conditions, the number of fixations on
the radarscope was lower than for low task load conditions. Introducing visual noise changed the
pumber of fixations on the radarscope. The total number of fixations did not change
significantly. The reduction in the number of fixations on the radarscope resulted in an increase
in fixations on other scene planes. The finding of decreased fixations on the radarscope when
increasing task load is contrary to the idea that human observers would fill in redundant fixations
with a reduction of the number of targets. If a difference would occur, one pointing towards an
increase in fixations would have been more plausible. Under hlgh task load, this situation
presents an ATCS with more potential targets.
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